Cotter DG, Schugar RC, Wentz AE, d'Avignon DA, Crawford PA. Successful adaptation to ketosis by mice with tissuespecific deficiency of ketone body oxidation. Am J Physiol Endocrinol Metab 304: E363-E374, 2013. First published December 11, 2012; doi:10.1152/ajpendo.00547.2012.-During states of low carbohydrate intake, mammalian ketone body metabolism transfers energy substrates originally derived from fatty acyl chains within the liver to extrahepatic organs. We previously demonstrated that the mitochondrial enzyme coenzyme A (CoA) transferase [succinyl-CoA:3-oxoacid CoA transferase (SCOT), encoded by nuclear Oxct1] is required for oxidation of ketone bodies and that germline SCOTknockout (KO) mice die within 48 h of birth because of hyperketonemic hypoglycemia. Here, we use novel transgenic and tissue-specific SCOT-KO mice to demonstrate that ketone bodies do not serve an obligate energetic role within highly ketolytic tissues during the ketogenic neonatal period or during starvation in the adult. Although transgene-mediated restoration of myocardial CoA transferase in germline SCOT-KO mice is insufficient to prevent lethal hyperketonemic hypoglycemia in the neonatal period, mice lacking CoA transferase selectively within neurons, cardiomyocytes, or skeletal myocytes are all viable as neonates. Like germline SCOT-KO neonatal mice, neonatal mice with neuronal CoA transferase deficiency exhibit increased cerebral glycolysis and glucose oxidation, and, while these neonatal mice exhibit modest hyperketonemia, they do not develop hypoglycemia. As adults, tissue-specific SCOT-KO mice tolerate starvation, exhibiting only modestly increased hyperketonemia. Finally, metabolic analysis of adult germline Oxct1 ϩ/Ϫ mice demonstrates that global diminution of ketone body oxidation yields hyperketonemia, but hypoglycemia emerges only during a protracted state of low carbohydrate intake. Together, these data suggest that, at the tissue level, ketone bodies are not a required energy substrate in the newborn period or during starvation, but rather that integrated ketone body metabolism mediates adaptation to ketogenic nutrient states.
ADAPTATION TO LIMITED CARBOHYDRATE availability and increased fatty acid supply, as encountered during the initial transition to extrauterine life, starvation, and adherence to low-carbohydrate diets, requires shifts in metabolic substrate utilization (11, 25, 40, 52) . While many organs are poised to meet the bioenergetic demands imposed by fat-dominated energy economies, neurons do not effectively derive high-energy phosphates from fatty acids (16, 71) . Thus, provision of alternate fuel sources may be required to preserve bioenergetic homeostasis within some tissues when carbohydrates are limiting. Ketone body metabolism supports this function by oxidizing hepatic fatty acyl-coenzyme A species (acyl-CoAs) to water-soluble four-carbon ketone body intermediates (via ketogenesis) that are shared with extrahepatic tissues for terminal oxidation. Most ketogenesis occurs within hepatic mitochondria, at rates proportional to ␤-oxidation of fatty acids (40) . Sequential ketogenic reactions catalyzed by mitochondrial thiolase, hydroxymethylglutaryl-CoA synthase (HMGCS2), and hydroxymethylglutaryl-CoA lyase convert acetyl-CoA to the ketone body acetoacetate (AcAc), which is reduced by mitochondrial D-␤-hydroxybutyrate (␤OHB)-dehydrogenase (BDH1) to D-␤OHB in an NAD ϩ /NADH-coupled redox reaction (29) . D-␤OHB and AcAc are secreted from the liver via monocarboxylate SLC16A transporters, transported into extrahepatic cells via SLC16A transporters, and oxidized in the mitochondrial matrix (26, 30, 52) . Mitochondrial BDH1 reoxidizes D-␤OHB to AcAc, and covalent activation of AcAc by CoA is catalyzed by the mitochondrial matrix enzyme succinyl-CoA:3-oxoacid CoA transferase [SCOT (encoded by the nuclear gene Oxct1), the only mammalian CoA transferase] to generate AcAc-CoA, which upon thiolytic cleavage liberates acetyl-CoA that enters the tricarboxylic acid (TCA) cycle for terminal oxidation (68) . CoA transferase catalyzes a near-equilibrium reaction in which CoA is exchanged between succinate and AcAc (58, 67) . As such, unlike glucose and fatty acids, ketone bodies do not directly require commitment of ATP for activation of the substrate before oxidation.
Ketone bodies are efficient energetic substrates that are oxidized in proportion to their delivery (25, 52) . The neonatal brain extracts ketones at rates up to 40 times those of the adult brain, and ketone body oxidation can support as much as 25% of the neonate's basal energy requirements (9, 65) . Neurons oxidize fatty acids poorly, and glucose utilization accounts for only 70% of the postnatal brain's energetic needs (65, 71) . Thus, ketogenesis, which converts up to two-thirds of hepatic ␤-oxidation-derived acetyl-CoA into ketones (69) , has been proposed as a facilitator of evolution of the vertebrate brain and of human brain size (10, 15) . Nonetheless, an energetic requirement for ketone body metabolism has never been demonstrated, even though it is thought to become a primary contributor to bioenergetic homeostasis when carbohydrates are in short supply (11, 50) . Ketogenesis is required for normal fitness in humans, as loss-of-function mutations in the gene encoding the fate-committing hepatic ketogenic enzyme HMGCS2 result in pediatric hypoketonemic hypoglycemia (2, 62) . Human CoA transferase deficiency manifests as spontaneous pediatric ketoacidosis (19, 35, 63) , which is associated with hypoglycemia in severe cases, and may account for a subset of cases of idiopathic ketotic hypoglycemia (7, 31) . Germline SCOT-knockout (KO) mice, which cannot termi-nally oxidize ketone bodies in any tissue, universally die within 48 h of birth because of hyperketonemic hypoglycemia (13) . Here we use novel genetic mouse models of gain-and loss-ofCoA transferase function to determine whether ketone body oxidation is required within specific cell types for metabolic adaptation and survival during the neonatal period and in adult starvation.
MATERIALS AND METHODS

Animals. Oxct1
Ϫ/Ϫ (germline SCOT-KO) mice were previously generated by using targeted C57BL/6 mouse embryonic stem cells obtained from the National Institutes of Health-Knockout Mouse Project (clone EPD0082-1-CO2), which were injected into C57BL/6 blastocysts in house (13) . Transgenic mice that overexpress CoA transferase in cardiomyocytes (SCOT-Heart-OVEX mice) were generated on the C57BL/6 background. Murine Oxct1 cDNA was subcloned downstream of the ␣-myosin heavy chain (MHC; Myh6) promoter (48) , and, after liberation of vector sequences, the expression cassette ( Fig. 1A ) was purified and injected into the male pronucleus of fertilized oocytes before implantation. One founder strain expressing the transgene was obtained, and these SCOT-Heart-OVEX mice are viable, fertile, and indistinguishable from wild-type littermates. SCOT-Heart-OVEX mice were successively crossed to Oxct1 ϩ/Ϫ mice to generate ␣-MHC-Oxct1:Oxct1 Ϫ/Ϫ mice (SCOT-Heart-OVEX:SCOT-KO mice).
The targeting construct for the gene that encodes CoA transferase, Oxct1, permitted a "germline knockout first" (60) approach that allows subsequent generation of a conditional "floxed" allele. To generate tissue-specific SCOT-KO mice, Oxct1 ϩ/Ϫ mice were first crossed to C57BL/6 mice that ubiquitously express Flp recombinase (␤-actin-Flp; Jackson Laboratory) to generate Oxct1 ϩ/flox mice, through germline recombination. An additional round of breeding A: transgenic mice that overexpress coenzyme A (CoA) transferase in cardiomyocytes (SCOT-Heart-OVEX mice). Mouse Oxct1 cDNA was subcloned downstream of the ␣-myosin heavy chain (MHC) promoter to generate mice overexpressing CoA transferase specifically within cardiomyocytes. ATG, initiator methionine codon; TGA, stop codon; kb, kilobase; UTR, untranslated region. B: schematics depict the endogenous Oxct1 mouse gene (wild type); targeted Null allele (the germline knockout allele); Flox allele, which encodes normal CoA transferase protein; and the recombined Rec (also a null) allele. Polyadenylation (pA) signals in the Null locus terminate transcription after exon 5, and a splice acceptor (SA)/internal ribosomal entry sequence (IRES) results in a truncated and catalytically inactive product from residual message. Flp recombinase recognition target (FRT) sites flank the ␤-gal and neomycin resistance cassettes and the pA signals. Thus, Flp recombinase mediates removal of the pA transcriptional stop signals and lacZ/neomycin cassette, restoring an active Oxct1 Flox allele in the germline. Exon 6 is flanked by loxP recognition sequences in the Flox allele for cell type-specific Cre recombinase-mediated recombination and inactivation. Genotyping primers for each allele are indicated as horizontal arrows (see Table 1 for sequences). ␤-gal, ␤-galactosidase-encoding lacZ gene; ␤-act:neo, neomycin resistance gene driven by the ␤-actin promoter.
yielded Oxct1 flox/flox mice (Fig. 1B) . Oxct1 exon 6 contains 107 nucleotides, which in the Oxct1 flox allele (which encodes functional CoA transferase) is flanked by loxP recognition sequences for Cre recombinase. Therefore, when excised by cell type-specific Cre recombinase, the recombination event results in a nonsense coding mutation. See Table 1 for a list of primers used for genotyping.
Cardiomyocyte-, skeletal muscle-, or neuron-specific SCOT-KO mice were generated by successive rounds of breeding of Oxct1 flox/flox mice independently to three strains expressing Cre recombinase, each on the C57BL/6 background: ␣-MHC-Cre, human skeletal muscle actin promoter (HSA)-Cre, or Synapsin I-Cre, respectively (1, 42, 72) . Each of these strains effects cell type-specific recombination through loxP recognition sites by embryonic day 12.5 (1, 23, 42, 72) . In addition, Synapsin I-Cre mediates recombination of floxed alleles in the male germline (51) . This facilitated generation of SCOT-Neuron-KO mouse lines with either one (flox/rec) or two (flox/flox) functional Oxct1 alleles in the germline (Fig. 1B) . Mice with the germline flox/rec genotype are functionally whole body heterozygotes, and germline flox/flox mice are functionally wild-type mice.
Unless otherwise noted, all mice were maintained on standard polysaccharide-rich chow diet (Lab Diet 5053) and autoclaved water ad libitum. For the ketogenic diet studies, mice were maintained for 2 wk on a low-protein, very-low-carbohydrate, and high-fat ketogenic diet (Bio-Serv F3666) in which 94.1% of calories are from fat, 4.6% from protein, and 1.3% from carbohydrates. Lights were off between 1800 and 0600. All postnatal day (P) 0 (i.e., the first day of extrauterine life) litters were obtained at 0900, and tissues and blood were harvested midmorning. Mice were housed in groups of three to five for fasting experiments on sawdust bedding. Fasting and ketogenic diet were initiated in 6-wk-old male mice. All experiments were conducted using protocols approved by the Animal Studies Committee at Washington University.
CoA transferase activity assay. CoA transferase enzymatic activity was measured in neonatal tissue lysates using an adapted protocol (38) . Neonatal tissues were collected, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until processing. Tissues were homogenized in phosphate-buffered saline (PBS, pH 7.2) with protease inhibitors (complete mini EDTA-free protease inhibitor cocktail; Roche) in a glass dounce homogenizer on ice. Lysates were centrifuged at 20,000 g at 4°C for 20 min, and supernatants were used as a source of CoA transferase. Assays contained 100 g protein (determined by Micro BCA Protein Assay Kit; Thermo Scientific) in a final volume of 100 l, consisting of 50 mM Tris·HCl, pH 8.5, 10 mM MgCl 2, and 4 mM iodoacetamide. Absorbance at 313 nm, at which AcAc-CoA absorbs maximally, was followed in unstimulated and stimulated (1 mM succinyl-CoA ϩ 10 mM AcAc) replicates for 2 min and normalized to an AcAc-CoA standard curve to determine rates of AcAc-CoA production. Base hydrolysis of ethyl-AcAc (W241512; Sigma) was performed by addition of 50% NaOH to pH 12 and incubation at 60°C for 30 min. Base hydrolyzed AcAc was adjusted to pH 8.5, and AcAc concentration was confirmed using standard biochemical assays coupled to colorimetric substrates (Wako), as described previously (66) .
Serum metabolite measurements. Measurements of serum AcAc, D-␤OHB, free fatty acids, and glucose were performed using standard biochemical assays coupled to colorimetric substrates (Wako), as described previously (66) . AcAc concentrations were determined by measuring total ketone body concentrations and subtracting the corresponding measured D-␤OHB concentration. Neonatal blood glucose was measured in duplicate using glucometers (Aviva).
Gene expression analysis. Quantification of gene expression was performed using real-time RT-quantitative PCR using the ⌬⌬C t approach as described, normalizing to Rpl32, using primer sequences listed within Table 2 (66) .
Immunoblotting. Lysates from neonatal brain, heart, and quadriceps/hamstring muscles were generated in a protein lysis buffer: 20 mM Tris·HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% phosphatase inhibitor cocktail (Sigma), and protease inhibitor cocktail (complete mini EDTA-free; Roche), pH 7.5. Immunoblots to detect CoA transferase (rabbit anti-SCOT; Proteintech Group) and actin (rabbit anti-actin; Sigma) were performed as described (13) . Band intensities were quantified densitometrically using QuantityOne software (Bio-Rad). For hippocampal immunoblots, brains were rapidly isolated, and hippocampal dissections were performed in PBS on ice using a dissecting microscope.
In vivo substrate utilization. Neonatal mice were injected intraperitoneally with 10 mol [1-
13 C]glucose (Cambridge Isotope Laboratories) per gram of body weight. After 30-min incubation durations, neonatal mice were killed by decapitation, and tissues were rapidly freeze-clamped in liquid N 2. Neutralized and lyophilized perchloric acid extracts were profiled using gradient heteronuclear single-quantum correlation [ 13 C]edited proton nuclear magnetic resonance measured at 11.75 T. Signals were collected from extracts dissolved in 275 l D2O ϩ 1 mM trimethylsilyl propionate, loaded into highprecision, thin-walled 5-mm tubes (Shigemi). Quantification of inte- 13 C]glutamate (carbon-4) was performed as described previously (13) .
Measurements of body composition. Percent body fat and lean body mass was determined in awake adult animals using an EchoMRI instrument (Echo Medical Systems, Houston, TX).
RESULTS
Restoration of myocardial ketone body oxidation in germline SCOT-KO mice does not prevent lethal hyperketonemic hypoglycemia.
Tissues that lack CoA transferase protein and activity cannot terminally oxidize ketone bodies, and germline SCOT-KO mice invariably die within 48 h of birth because of lethal hyperketonemic hypoglycemia (13) . Myocardium is the highest ketone body consumer per unit mass (6, 11, 18) . To determine if selective restoration of myocardial CoA transferase activity was sufficient to prevent lethal hyperketonemic hypoglycemia in SCOT-KO mice, transgenic mice harboring Oxct1 cDNA under control of the ␣-MHC promoter (␣-MHCOxct1) were successively bred to Oxct1 ϩ/Ϫ heterozygous mice to ultimately yield SCOT-Heart-OVEX:SCOT-KO mice (Fig. 1) . Selective restoration of CoA transferase expression and activity on the first postnatal day, P0, was confirmed by immunoblot (Fig. 2, A and B) and CoA transferase enzyme activity assays (Fig.  2C ) using neonatal tissue extracts. Despite restoration of myocardial CoA transferase activity to a magnitude that modestly exceeded wild-type levels, SCOT-Heart-OVEX:SCOT-KO mice still develop hyperketonemic hypoglycemia with abnormally elevated AcAc-to-D-␤OHB serum ratios (Fig. 2, D and E) . Genotypic analysis of Ͼ25 litters derived from ␣-MHC-Oxct1: Oxct1 ϩ/Ϫ crosses did not yield any SCOT-Heart-OVEX: SCOT-KO mice after P1 (data not shown), indicating that neonatal lethality ensues despite restoration of myocardial ketolysis in germline SCOT-KO mice.
Tissue-specific CoA transferase knockout mice are viable. To mechanistically dissect the energetic roles of ketone body oxidation in individual tissues, we individually eliminated CoA transferase from the three cell types most adapted to ketone body oxidation (11, 18) (cardiomyocytes, skeletal myocytes, and neurons) to generate SCOT-Heart-KO, SCOT-Muscle-KO, and SCOT-Neuron-KO mice, respectively (see Fig. 1B ). Tissue-specific loss of CoA transferase protein was confirmed in each tissue-specific mouse strain on P0 by immunoblot and CoA transferase activity assay (Fig. 3, A-C) . CoA transferase is present and active in astrocytes (16, 17) and likely explains residual enzymatic activity in brains of SCOT-Neuron-KO neonates (Fig. 3C) . Absence of CoA transferase in neurons of SCOT-Neuron-KO mice was further confirmed by immunoblot of protein lysates derived from adult hippocampi (hippocampus exhibits an increase in neuronal density relative to other brain regions) (Fig. 3D ). In addition, CoA transferase immunoblots performed on brain, heart, and muscle protein lysates derived from P0 SCOT-Heart-KO, -Muscle-KO, -Neuron-KO, and genotype control mice confirm that Cre-mediated recombination of floxed Oxct1 alleles was restricted to the desired tissues in each model, with only minimal off-target diminution of CoA transferase abundance (Fig. 4, A-C) .
Each tissue-specific SCOT-KO mouse strain is viable, exhibits normal body size (see below), and is fertile. Unlike germline SCOT-KO mice, which develop neonatal hyperketonemic hypoglycemia with abnormally elevated plasma AcAc-to-␤OHB ratios by the second postnatal day (P1) ( Fig. 2D and Ref. 13 ), tissuespecific SCOT-KO neonatal mice do not exhibit hypoglycemia, marked hyperketonemia, or abnormal ratios of serum AcAc/ ␤OHB (Fig. 5, A and B) . The Synapsin-1-Cre transgene, used to generate SCOT-Neuron-KO mice, also mediates recombination of floxed alleles within the male germline, resulting in a null (rec) allele (Fig. 1B) that is transmitted to most progeny (51) . This enabled generation of SCOT-Neuron-KO and control mice with either one (flox/rec) or two (flox/flox) functional Oxct1 alleles in the germline. Hypoglycemia and hyperketonemia do not develop in neonatal flox/rec mice (Fig. 5) , consistent with previous observations of neonatal Oxct1 ϩ/Ϫ mice (13) . Of the three tissuespecific models of CoA transferase deficiency, only SCOTNeuron-KO mice develop mild hyperketonemia on P1 (mean serum total ketone body concentrations 0.85 Ϯ 0.05 vs. 1.60 Ϯ 0.25 mM in flox/flox control and SCOT-Neuron-KO mice on the flox/flox germline background, respectively, n ϭ 5-8/group, P Ͻ 0.001) (Fig. 5B ). On P1, ketonemia did not differ between SCOTNeuron-KO mice on the flox/flox and flox/rec germline backgrounds (Fig. 5B) . Furthermore, unlike the large increase in AcAc-to-␤OHB ratios of germline SCOT-KO mice compared with littermate controls (Fig. 2D ), these ratios did not differ significantly in any of the tissue-specific models (Fig. 5B) .
Neuronal Oxidation of ketone bodies within neurons, cardiomyocytes, and skeletal myocytes is dispensable during moderate starvation in the adult. Ketone body metabolism supports bioenergetic homeostasis when carbohydrate supply is limited, such as in starvation, by providing an alternative fuel source to energysensitive tissues (11, 52) . To directly test the hypothesis that individual tissues require ketone bodies for energy transfer to support survival and glycemia in the postabsorptive state, SCOT-Neuron-KO (on the flox/flox and flox/rec germline backgrounds), SCOT-Heart-KO, and SCOT-Muscle-KO mice were fasted for 48 h. Surprisingly, none of these tissue-specific SCOT-KO mouse strains exhibited fasting-induced hypoglycemia compared with fasted genotype-and age-matched control mice (Fig. 7A) . Whereas SCOT-Muscle-KO and SCOTNeuron-KO mice exhibit hyperketonemia compared with SCOTHeart-KO and flox/flox control mice (Fig. 7B) , mice from each of these strains exhibited normal serum AcAc-to-D-␤OHB ratios after a 48-h fast (Table 3 ) and normal fasting-induced weight loss (Fig. 7C) . In addition, adult SCOT-Neuron-KO mice on the flox/flox and flox/rec backgrounds are metabolically indistinguishable during moderate starvation: these SCOT-Neuron-KO mouse strains do not differ in serum ketone body concentrations, blood glucose, body weight, or serum AcAc-to-D-␤OHB ratios during fasting ( Fig. 7 and Table 3 ). Conversely, germline flox/rec mice with intact neuronal CoA transferase do develop hyperketonemia relative to flox/flox control mice at 48 h starvation (Fig. 7B) . Taken together, these results indicate that ketone body oxidation is not required for energy transfer at the cellular or tissue level in the postabsorptive state for survival or preservation of glycemia.
Relative deficiency of ketone body oxidation influences the response to a chronic ketogenic nutrient milieu. Although tissuespecific SCOT-KO models have utility in determining the metabolic roles of ketolysis within individual tissues, naturally occurring variations in ketone body oxidative capacity in humans likely affect all ketolytic cell types (7, 19, 20, 35, 37, 46, 54, 56 ϩ/Ϫ littermate mice were exposed to ketogenic milieus at 6 wk of age. First, to measure the consequences of acute ketosis, male Oxct1 ϩ/Ϫ and wild-type littermate control mice were subjected to a 48-h period of starvation. Body composition and total body weight were not different between genotypes at the onset of fasting: body fat percentage was 16.7 Ϯ 0.2% in wild-type mice vs. 16.3 Ϯ 0.3% in Oxct1 ϩ/Ϫ mice (n ϭ 6/group), and mice from each genotype exhibited equivalent weight loss during the fast (Fig. 8A) . As expected, fasting induces ketosis in both genotypes, but Oxct1 ϩ/Ϫ mice developed greater ketonemia than control mice after 24 and 48 h of fasting, consistent with a global decrease in ketone body oxidative capacity (Fig. 8B) . Serum AcAc-to-D-␤OHB ratios were not different between Oxct1 ϩ/Ϫ and control mice after 48 h of fasting (Table 3) . Furthermore, fasting serum glucose and free fatty acid concentrations did not differ significantly between genotypes (Fig. 8, C and D) . Next, to determine if diminished SCOT-KO mice). B: immunoblot for CoA transferase (SCOT) and actin in myocardial protein lysates derived from P0 hearts of wild-type mice, SCOTHeart-OVEX:SCOT-KO mice, and SCOT-KO mice. C: CoA transferase activity was measured spectrophotometrically in tissue lysates derived from hearts of P0 wild-type and SCOT-KO mice and hearts and brains of P0 SCOT-Heart-OVEX:SCOT-KO mice; n ϭ 3/group. ***P Ͻ 0.001 by linear regression t-test vs. SCOT-Heart-OVEX:SCOT-KO heart. † † †P Ͻ 0.001 by linear regression t-test vs. wild-type heart. D: serum ketone bodies (mM) in P1 wild-type, SCOT-KO, SCOT-Heart-OVEX, and SCOT-Heart-OVEX: SCOT-KO mice; n ϭ 5-6/group. ***P Ͻ 0.001 and *P Ͻ 0.05 for D-␤-hydroxybutyrate (␤OHB); † † †P Ͻ 0.001 for acetoacetate (AcAc); ‡ ‡ ‡P Ͻ 0.001 for the AcAc-to-D-␤OHB ratio by 2-way ANOVA compared with genotype control on the Oxct1 ϩ/ϩ (wild-type) background. E: blood glucose (mg/dl) in P1 mice; n ϭ 4 -6/group. ***P Ͻ 0.001 and *P Ͻ 0.05 by 2-way ANOVA.
ketone body oxidative capacity impairs adaptation to a chronic ketogenic nutrient milieu, we placed Oxct1 ϩ/Ϫ and littermate control mice on a low-protein, very-low-carbohydrate, and highfat ketogenic diet that has been used extensively by our laboratory and others to study ketotic states in mice (3-5, 14, 21, 36, 61, 66) . Adherence to this diet for 2 wk induces ketosis in both genotypes, but ketonemia was nearly threefold greater in Oxct1 ϩ/Ϫ mice (Fig.  8E ). No differences in serum AcAc-to-␤OHB ratios were observed between Oxct1 ϩ/Ϫ and wild-type control mice while on ketogenic diet (Table 3) . Furthermore, compared with wild-type controls, ketogenic diet-fed Oxct1 ϩ/Ϫ mice exhibited relative hypoglycemia (Fig. 8F) . Taken together, these results indicate that partial ketolytic defects become metabolically evident after brief periods of nutrient deprivation and upon adherence to lowcarbohydrate-diet regimens.
DISCUSSION
We have used novel mouse models of CoA transferase deficiency to demonstrate that the inability to oxidize ketone bodies individually within neurons, cardiomyocytes, or skeletal myocytes does not impair the ability of mice to survive the ketogenic neonatal period, or moderate-length durations of starvation in the adult. However, transgene-mediated restoration of myocardial ketone body oxidation in an animal lacking the ability to oxidize ketone bodies elsewhere does not prevent lethal hyperketonemic hypoglycemia in the neonatal period. Taken together, these results support the notion that organism-wide CoA transferase activity provides a ketolytic reservoir that is required to maintain bioenergetic homeostasis in states of diminished carbohydrate intake and that no single organ or cell type exhibits an obligate energetic requirement for ketone body oxidation to support survival or preserve glycemia under the conditions tested. The inability of SCOT-Heart-OVEX:SCOT-KO mice to survive the ketogenic neonatal period and the mild hyperketonemic hypoglycemia exhibited by adult Oxct1 ϩ/Ϫ mice maintained on a ketogenic diet indicate that incremental defects of the global ketolytic reservoir have significant impact on metabolic homeostasis in ketogenic milieus.
Of the tissue-specific SCOT-KO mouse strains examined in the neonatal period, only SCOT-Neuron-KO mice develop mild hyperketonemia, which supports previous observations indicating that neurons are a significant consumer of ketone bodies in the neonatal period (28, 65) . Moreover, loss of ketone body oxidation within neurons increases glycolysis and oxidative metabolism of glucose, strongly suggesting that ketolytic impairment in neurons requires additional glucose to meet the energetic demands of the neonatal brain. Given the relative inability of neurons to oxidize fatty acids for energy (16, 71) , increased cerebral consumption of glucose in SCOT-Neuron-KO neonates is not unexpected. The liver is the most important source of glucose for the neonatal brain, which normally accounts for 60 -70% of total energy expenditure in this period, even though the neonatal brain only comprises 10% of total body weight (11, 65) . Loss of terminal ketone body oxidation in neurons may therefore increase the liver's glucogenic burden. Increased hepatic glucose production may initially be met through increased glycogenolysis, although hepatic glycogen stores are normally depleted rapidly after birth (25) . Furthermore, gluconeogenic gene expression markers were not increased in livers of SCOT-Neuron-KO mice, suggesting that counterregulatory programs are not engaged in these mice. Thus, an alternative explanation for preservation of euglycemia in newborn SCOT-Neuron-KO mice is that ketone body oxidation within tissues that remain competent to terminally oxidize ketone bodies spares glucose for the neonatal brain. In addition, the mild hyperketonemia in neonatal SCOTNeuron-KO mice is driven by increased serum ␤OHB concentrations. Prospectively, residual nonneuronal CoA transferase function in these mice prevents the accumulation of serum AcAc and abnormal inversion of serum AcAc-to-␤OHB ratios that occurs in hyperketonemic germline SCOT-KO mice and in SCOT-Heart-OVEX:SCOT-KO mice. Because germline and tissue-specific SCOT-KO models have not yet segregated massive hyperketonemia from an increased AcAc-to-␤OHB ratio, future experiments will be needed to determine the prospective contributions of each of these two metabolic derangements to systemic glucose homeostasis. As in the neonatal period, ketone body oxidation subsumes an important role in energy transfer in the postabsorptive state (11, 52) . Interestingly, in mice subjected to 48 h starvation, survival is maintained and glycemia is preserved when ketone body oxidation is individually eliminated from neurons, cardiomyocytes, or skeletal myocytes. However, in this state, SCOT-Muscle-KO and SCOT-Neuron-KO mice exhibit hyperketonemia compared with fasted SCOT-Heart-KO and control strains. Hyperketonemia in these two models suggests that skeletal muscle and neurons each provide a major component of the ketolytic reservoir in the adult, consistent with previous observations indicating that ketone body oxidation can account for as much as two-thirds of cerebral metabolism during starvation (11, 53) . Because of bioethical considerations, these studies were not designed to determine if tissue-specific energetic requirements for ketone body oxidation emerge in extremes of starvation. Nevertheless, it is striking that animals challenged to a ketotic 48-h fast, during which ϳ25% of total body weight is lost, do not require ketone body oxidation in neurons, cardiomyocytes, or skeletal myocytes for survival or maintenance of glycemia. In particular, SCOT-Neuron-KO mice on the flox/rec germline background have lost a substantial pro- portion of total ketone body oxidative capacity. Nonetheless, these mice do not exhibit greater starvation-induced ketonemia than SCOT-Neuron-KO mice on the flox/flox germline background, despite the fact that germline flox/rec (functionally whole body heterozygote) mice, which have preserved neuronal ketolytic capacity, manifest greater starvation-induced ketonemia than flox/ flox (functionally wild-type) mice with normal neuronal ketolytic capacity (Figs. 7B and 8B). Therefore, since dynamic variation of glucose metabolism occurs in these models, as described above, dynamic variations of both ketogenic and ketolytic capacity are likely to occur in mice on these genetic backgrounds to meet the collective energetic demands of all tissues.
In contrast to genetic animal models of tissue-specific ketolytic deficiency, sporadic CoA transferase deficiency in humans likely affects all cells that oxidize ketones. Studies of CoA transferase-deficient infants and their parents reveal that heterozygous carriers for loss-of-function OXCT1 mutations exhibit reduced CoA transferase enzymatic activity (54) . Thus, we subjected germline adult Oxct1 ϩ/Ϫ mice to a series of ketogenic provocations. Compared with wild-type littermate controls, Oxct1 ϩ/Ϫ mice developed hyperketonemia upon fasting, but glycemia was preserved. Prospectively, hypoglycemia may ensue in Oxct1 ϩ/Ϫ mice at the extremes of starvation, when readily available gluconeogenic substrate pools are depleted to meet the increased gluconeogenic demand imposed by ketolytic insufficiency. This notion is supported by the hyperketonemic hypoglycemic response of Oxct1 ϩ/Ϫ mice maintained on a low-protein, very-low-carbohydrate, and high-fat ketogenic diet for 2 wk. These findings suggest that latent ketolytic defects may emerge in humans upon introduction to ketogenic nutrient milieus. Indeed, case reports indicate spo- ϩ/Ϫ and Oxct1 ϩ/ϩ (wild-type littermate control) male mice subjected to ketotic nutrient states. Total body weight (g; A), serum total ketone bodies (mM; B), serum glucose (mg/dl; C), and serum free fatty acids (FFA, mM; D) were measured in fasting mice. Total serum ketone bodies (mM; E) and serum glucose (mg/dl; F) were also measured in 8-wk-old male Oxct1 ϩ/Ϫ and littermate Oxct1 ϩ/ϩ (wild-type) mice maintained either on a standard polysaccharide-rich (Chow) diet or low-protein, low-carbohydrate, high-fat ketogenic diet (KD) for 2 wk; n ϭ 7/group. ***P Ͻ 0.001, **P Ͻ 0.01, and *P Ͻ 0.05 by 2-way ANOVA.
radic but rapid development of severe hyperketonemia with modest durations of nutrient deprivation or upon adherence to Atkins-style ketogenic diets for weight loss (12, 47) . Because ketogenic diets are increasingly employed for treatment of obesity, nonalcoholic fatty liver disease, and neurological diseases, including epilepsy, attentiveness to latent ketolytic insufficiency, and the possibility of functional consequences of single nucleotide polymorphisms in loci that encode and regulate the enzymatic mediators of ketone body oxidation, is warranted.
Whereas these studies indicate that cell type-specific preservation of ketone body oxidation is not required for survival of the murine neonatal period or a moderate degree of starvation in the adult mouse, these tissue-specific models will also permit highly penetrating analyses of the diverse bioenergetic roles that ketone body oxidation plays through physiological and pathophysiological states relevant to each tissue. For example, within the heart, cardiomyocytes oxidize ketone bodies in proportion to their delivery, at the expense of fatty acid oxidation and glucose oxidation (8, 14, 22, 27, 32, 49, 57, 59, 70) . Compared with fatty acids, oxidation of ketone bodies is more energetically efficient. Unlike fatty acid oxidation, all of the reducing equivalents generated by ketone body oxidation are delivered through NADH to complex I within the electron transport chain (ETC). In addition, oxidation of ketone bodies increases the redox span between complexes I and III by keeping mitochondrial ubiquinone oxidized. This increases the potential energy of the mitochondrial proton gradient, thereby yielding more energy available for ATP synthesis per molecule of oxygen invested, improving the energetic efficiency of ketone bodies, and attenuating production of reactive oxygen species by the ETC (34, 45, 55, 64) . Furthermore, numerous studies indicate prospective therapeutic applications of harnessing the benefits of ketone body metabolism in neurons and astrocytes within the central nervous system (17, 39, 41, 44) . Therefore, these new models provide opportunities for metabolic and bioenergetic dissection of both ketone body metabolism and CoA transferase function in disease pathogenesis relevant to each organ.
The ability to derive conclusions from tissue-specific lossof-function models is a function of the spatiotemporal fidelity of the gene inactivation system employed. The Cre-expressing strains used in this study effect robust and cell type-specific recombination during mouse embryogenesis (1, 23, 42, 43, 72) . HSA-Cre expresses Cre recombinase in a pan-fiber-type distribution of skeletal myocytes; ␣-MHC-Cre drives the expression of the recombinase abundantly and specifically within cardiac myocytes, and the Synapsin1-Cre model was selected because it specifically expresses Cre recombinase in a pan-neuronal manner. Nevertheless, the complexity of the central and peripheral nervous systems is reflected by the Ͼ40 Cre-expressing mouse strains that are employed to target select neuronal and glial populations (24) . Thus, it is likely that novel phenotypes will emerge from study of CoA transferase deficiency through use of other strains expressing Cre recombinase in other experimental settings. Finally, loss of CoA transferase during embryogenesis may promote adaptation to the absence of terminal ketone body oxidation, prospectively limiting the emergence of robust phenotypes in adult tissue-specific SCOT-KO mice. Use of conditionally induced Cre-expressing strains will support further insight into the metabolic consequences of ketolytic insufficiency in the adult animal.
In conclusion, we demonstrate that, to sustain survival and glycemia during moderate-duration starvation, ketone body oxidation is not required for energy transfer in the three cell types that exhibit the greatest capacity to oxidize ketone bodies: neurons, skeletal myocytes, and cardiomyocytes. However, diminished ketone body oxidative capacity predisposes to metabolic abnormalities, including the development of hyperketonemia during fasting and hyperketonemic hypoglycemia upon adherence to a low-carbohydrate, high-fat diet. A minimum threshold of organism-wide ketone body oxidation must be maintained to preserve bioenergetic homeostasis and support compatibility with life.
